Abstract Advanced robotic devices capable of simulating the dexterous ability of the upper limb with an array of internal sensors have raised the enticing prospect of replacing the lost intricate functions of the arm following upper limb amputation. However, a large gap still exists in the application of this technology to the human user. In particular, the ability to provide physiologically relevant sensory feedback-to have the amputee feel the prosthetic hand as their own-has not yet been achieved. Although a number of different approaches are being investigated, targeted sensory reinnervation, a refinement of the original targeted muscle reinnervation procedure, is the most recent and promising development in the effort to create a functional human-machine interface with a closed loop sensory feedback system. This technique aims to reestablish hand sensation on the skin so that it can be readily accessed non-invasively during functional tasks. Recent efforts are being directed towards distributing hand maps widely on the stump without interference of sensations from the native area. In this article, we will review the surgical approaches that have been used for sensory reinnervation in upper arm amputation and compare the resultant outcomes and potential functional utility of the techniques.
Despite major advances in engineered technology, proximal upper limb amputation remains one of the most difficult challenges for prosthetic replacement. Individuals with proximal levels of arm amputation have a higher rate of rejection of prostheses in comparison to more distal levels of amputation [1, 2] . Reasons for rejection are widely varied. The main concerns from myoelectric users that limit use of the prosthesis include poor durability, poor dexterity, and lack of sensory feedback [3] .
In response to these concerns, artificial limbs with up to 22 degrees of freedom have been developed in an attempt to design a natural limb replacement device with greater function [4] [5] [6] . However, despite the existence of multifunctional prosthetic limbs and efforts to deploy these into clinical practice, challenges with implementation include difficulties attaching the device to the patient, insufficient motor control strategies to control the additional degrees of freedom, and lack of sensory feedback from the device to the human operator. Advances are being made with novel socket designs to improve comfort and suspension [7] , and there is ongoing research into percutaneous skeletal attachment to allow direct connection of the prosthesis to the skeletal system [8] . Emerging motor control strategies such as pattern recognition algorithms are promising in the potential ability to control multiple actions of the prosthetic limb [9] . However, designing a method to restore natural sensation from the prosthetic limb is still an unsolved challenge in the effort to restore dexterous hand function following upper limb loss.
Developing a neural human-machine interface that receives and decodes sensory information is a difficult task. The importance of ''natural, physiologic sensation'' cannot be overlooked when attempting to restore sensory function to an artificial limb. Various types of sensory feedback from prosthetic devices have been trialed in the past [10, 11 • ] but with no success in clinical translation or long-term usage. This is likely because substitution methods had to be used-that is, the amputee would have to be ''trained'' to understand that an unnatural (or non-physiologic) stimulus meant that something of importance was happening to the prosthesis. This form of sensory substitution can work in controlled settings; however, it has not lead to long-term adoption. The basis for rejection of the feedback device may be that it does not tap into natural sensory mechanisms or provide a percept that enhances the feeling that the prosthesis belongs to the individual as their own hand.
Neural-Machine Interfaces for Upper Limb Amputation
Neural interfaces in both the peripheral and central nervous system have been developed as a method to provide sensory feedback. Peripheral nerve stimulation, as a mechanism for restoring sensory information from the prosthetic device to the amputee, has been investigated for decades [12] . Over the last few years, the feasibility of using direct neural interfaces to stimulate peripheral afferent nerves has progressed from animal to human studies, with evidence that the sensory input provided allows modulation of motor control [13, 14] , but with variable reports on the naturalness of the sensations elicited by electrical stimulation [11 • ]. Despite several types of neural interfaces available, current technological limitations of the implanted electrodes preclude long term use [15] . Cortical approaches for sensory restoration have been examined in animal models [16] . More recently, brain machine interfacing has been examined for motor control in human subjects [17] , but the role of somatosensory cortex stimulation has not yet been explored in humans.
For these approaches, the long term viability of the implanted electrodes is the main challenge, and the potential unnatural quality of the sensation elicited by the peripheral nerve stimulation needs to be addressed [11 • ]. Therefore, although there is interesting potential for the use of peripheral and central neural interfaces for both motor and sensory control, further research is required in human subjects to define their clinical applicability for long-term use.
Targeted Reinnervation Surgery for Upper Limb Amputation
Of the approaches developed to overcome the humanmachine interface challenge, the most clinically accessible, viable, and currently used technique is that of targeted reinnervation (TR), pioneered by Kuiken et al. [18] at the Rehabilitation Institute of Chicago and Northwestern University. Kuiken's early work with hyper-reinnervation demonstrated the robust ability of amputated nerves to reinnervate new muscle sites and provide physiologically useful motor units for myoelectric control. The translation of this technique to the human model was demonstrated with initial case reports for shoulder level disarticulation [19] [20] [21] and transhumeral subjects [22, 23] .
The TR procedure is now an established clinical treatment method for improving motor control sites for proximal upper limb amputation. Typically performed as a secondary revision procedure, there is an extremely high rate of muscle reinnervation success (reported as greater than 90 %) and ability to use these sites for myoelectric control [19, 23] . The successful outcome of TR is reflected not only in the robust muscle reinnervation observed following surgery, but also in the application of new prosthetic technology. Patients are able to operate multiple degrees of freedom of advanced prosthetic devices with increased ease following TR surgery and appropriate rehabilitation [21, [24] [25] [26] .
The benefits of the TR procedure extend beyond motor reinnervation. Some of the amputees that underwent the TR procedure were found to have restoration of sensation in the missing hand and arm on the skin overlying the areas of muscle reinnervation [21, 27 •• ]. When they were touched on the skin, it felt like they were actually being touched on the missing limb, suggesting that cutaneous reinnervation by sensory afferents was occurring in addition to the motor reinnervation. This led to the intriguing possibility of linking an area of reinnervated skin that ''feels'' like the amputee's own hand to a sensory input device matched to the prosthetic hand. In this way, a physiologically natural and appropriate avenue of sensory feedback might be restored.
Sensory Reinnervation Approaches
Since the initial observations of sensory changes associated with TR, there have been three main surgical techniques associated with sensory reinnervation: (1) traditional TR with motor branch coaptation and associated denervation of overlying skin to allow sensory afferents to reinervate the skin; (2) TR with the addition of end-to-side coaptation of a cutaneous sensory nerve to a main nerve trunk, and (3) an end-to-end targeted fascicular sensory reinnervation technique using intra-operative nerve stimulation to aid in fascicle selection. Each of these techniques will be reviewed in turn.
Traditional TR
With this technique, a segment of skin near or overlying the TMR (targeted muscle reinnervation) site is denervated and the regenerating afferent nerve fibres from the residual hand nerves are enabled to reinnervate this area of skin. [21] The original TR procedure describes end-to-end coaptation of sectioned median, ulnar, and radial nerve trunks to discrete motor nerve branches of target muscles. For the transhumeral residual limb, this includes coapting the median nerve trunk to the medial head of biceps, the distal radial nerve trunk to the lateral head of triceps, and, when possible, the ulnar nerve trunk to the brachialis. The reinnervated muscle sites provide natural hand open and close signals. The musculocutaneous nerve innervating the lateral head of the biceps and the proximal radial nerve innervating the long head of the triceps are left intact for the elbow flexion and extension signals [23] .
For the shoulder disarticulation amputee, the pectoralis major is sectioned into three parts: the clavicular head, an upper sternal head, and a lower sternal head. The pectoralis minor is divided from its origin, rotated laterally from beneath the pectoralis major, and secured in the mid-axillary line to allow the muscle to lie directly below the skin. These four newly created muscle segments are then denervated from their original innervating nerves. Coaptation is performed from the musculocutaneous, median, radial, and ulnar nerve trunks to the clavicular head, upper sternal head, and lower sternal head of the pectoralis major and to the pectoralis minor, respectively, to allow reinnervation of these muscles by the selected nerves and to provide the hand and elbow control signals [19, 20] . Alternative target muscles that may be used include the serratus anterior, trapezius, and latissimus dorsi muscles.
As part of the surgical technique, the skin overlying the anticipated motor points was thinned of subcutaneous tissue to reduce electrode interference in the first TMR case [19, 22, 28] . This resulted in local denervation of the skin, which then allowed for competitive reinnervation of afferent nerve fibers. In particular, the sensory afferents of the large mixed nerve trunks that were redirected to the motor points of the muscles competitively reinnervated the overlying denervated skin [19, 27 •• ]. The denervation of the overlying skin was essential to allow the regeneration of hand afferents to the newly vacant cutaneous receptors, although in some transhumeral subjects the intercostobrachial cutaneous nerve has been intentionally cut in order to denervate the skin (Kuiken, personal communication, 2013) .
Within 4-6 months following the surgery, corresponding to the expected rate of reinnervation, sensations referred to the missing limb may develop when the skin overlying the reinnervated muscle is touched. However, rather than correlating to the precise somatotopic map of each transferred nerve, the referred sensations are typically variable and intermixed, including native anatomic skin sensation [27 •• ] . Although near normal thresholds are developed in those areas with restored hand sensation, the variability of the somatotopy potentially limits the predictability and reliability of using this approach specifically for harnessing a sensory feedback access point.
Cutaneous Nerve End-to-Side Targeted Sensory Reinnervation
Shortly after these initial findings, Kuiken et al. [21] explored a modification of the TR procedure. The modification involved adding two end-to-side sensory nerve transfers during the TR procedure in a proximal transhumeral (functional shoulder disarticulation) amputee. The supraclavicular cutaneous nerve was cut and the distal segment was coapted to the side of the ulnar nerve. The intercostobrachial cutaneous nerve was also cut and then coapted to the side of the median nerve. The proximal end of the sensory nerves were mobilized superiorly in an effort to prevent reinnervation of the chest skin. The subcutaneous fat was thinned, but not completely removed, to improve the surface muscle signal without causing contour deformity of the overlying skin [21] .
Post operatively, the insensate areas corresponded to the expected cutaneous nerve distributions. By 6 months, somewhat surprisingly, the anterior chest skin was reinnervated by both median and ulnar afferents. There were a few primary spots where sensation in just one digit was felt, but in most areas a mixture of digit and native chest sensations were elicited. Several modalities of cutaneous sensation were restored, including sharp/dull and warm/ cold sensation, graded pressure, and vibration with near normal thresholds of perception. However, the sensations were not completely ''normalized,'' in that touch of the target skin was associated with a tingling sensation rather than normal pressure sensation [21] . As with the initial TR technique, there did not appear to be specific somatotopy with the referred-hand sensations [ 
The sensory somatotopic organisation that developed differed from what we expected. In surgery, the distal segment of the intercostobrachial nerve was transferred to the median nerve and median sensation was anticipated on the lateral chest. Only a faint median percept developed, probably because the skin innervated by the intercostobrachial nerve was amputated with the arm leaving nothing for the median afferents to reinnervate. The distal segment of the supraclavicular nerve was transferred to the ulnar nerve, and ulnar sensation alone was expected on the anterior chest. However, a strong percept and large area of median nerve reinnervation were noted. The robustness of the median nerve sensory reinnervation was surprising. The median nerve afferents had to regenerate through the pectoralis major muscle and through a layer of subcutaneous tissue that was more than 1 cm thick while in competition with the regenerating ulnar afferents. Further study is clearly needed to better understand what guides, promotes, or impedes sensory axon regeneration. [1] With this end-to-side technique, there was improvement in control of the sensory reinnervation territory, but not in exclusivity for the recipient nerve as evidenced by the ability of the competing median nerve afferents to find their way to the desired site of ulnar nerve reinnervation. The partial control of the direction of reinnervation was highly promising in that there was a discrete region of transfer sensation created by afferent axons reinnervating appropriate end organs in the skin with close to normal perception thresholds for touch, temperature, pain, and vibration [27 •• , 29] .
Similar experiences have been observed in transhumeral subjects with end-to-side anastomosis of the intercostobrachial cutaneous nerve to the median nerve trunk, with variable restoration of hand sensations in the distal arm region not restricted to the median nerve hand map (Kuiken, personal communication, 2013).
Sensory Fascicle End-to-End Targeted Sensory Reinnervation
The above observations motivated the search for a method of improving control over the sensory reinnervation process, to harness more reliably the restoration of the hand map on cutaneous target areas of the residual limb. This procedure uses somatosensory evoked potentials (SSEP) to assess more finely the sensory content of specific fascicles of the main reinnervating nerves, and identification of target cutaneous nerves remote from the anticipated motor sites [30 •• ] .
Detailed guidelines for the use of SSEP for intraoperative monitoring have been published by the American Society of Neurophysiological Monitoring [31 • ]. Several authors have used SSEPs of the main nerve trunks to assess the status of the peripheral nerves and brachial plexus to avoid injury during upper limb surgery [32] [33] [34] , to aid in the differentiation of nervous tissue from fibrous tissue during dissection in a scarred operative field [35] , and to assist with identification of healthy median nerve [36] . Less commonly, electrical stimulation has been used to identify sensory fascicles in peripheral nerves [37, 38] , but in a time consuming manner relying on the cooperation of the patient who is required to localize the stimulation after being awoken intra-operatively (''awake stimulation'').
The sensory fascicle end-to-end TR technique developed by the authors uses electrical stimulation in a different manner. The median and ulnar nerves are known to be mixed nerves with distinct fascicular arrangements, with the majority of the sensory fibers dedicated to sensation of the digits [39, 40] . Use of intra-operative SSEPs by recording over the somatosensory cortex allows efficient inter-operative identification of fascicles with high sensory content from the median and ulnar nerves by individually stimulating separated fascicles after intrafascicular dissection. Once a predominantly sensory fascicle is identified and coapted to a cutaneous sensory target nerve, the remainder of the main nerve is directed to the motor branch of the target muscle.
The choice of target cutaneous nerves depends on the available residual limb length and should be identified preoperatively as areas with normal sensory thresholds. For the transhumeral level, the skin over the lateral upper arm supplied by the cutaneous branch of the axillary nerve (C5-6) [41, 42] , and the intercostobrachial nerve (T2) [42, 43] supplying the medial proximal arm are candidate target sensory areas. These nerves are chosen for their remoteness from the anticipated motor sites in the transhumeral limb, which are the medial and lateral muscle bellies of the biceps and triceps (Fig. 1) .
During the TR procedure, the cutaneous sensory target nerves are identified and tagged as part of the initial dissection. Once the main median nerve trunk is identified, the whole nerve trunk is stimulated supramaximally to determine the maximum SSEP amplitude. Then intrafascicular dissection of the main nerve trunk is undertaken, initially a short exposure to separate and lift out two to three single fascicles. Each individual fascicle is in turn lifted away from the nerve trunk and stimulated with a pair of silverball hook electrodes (Fig. 2) . The SSEP for each individual fascicle is compared with the main nerve trunk SSEP. The fascicle with the largest relative SSEP is chosen for transfer to the cutaneous sensory branch target. The chosen fascicle is dissected from the main nerve trunk to allow sufficient length to reach the target sensory nerve. The cutaneous sensory nerve is sectioned as close to the entry point of the skin as feasible to minimize the time of regeneration. Once end-to-end coaptation of the cutaneous sensory branch to the selected sensory fascicle is performed, the remainder of the main nerve trunk is used for the standard motor reinnervation procedure.
This does not compromise the motor reinnervation because a large innervation ratio still exists. The resulting sensory reinnervation is expected to be more precisely controlled than the end-to-side technique [44] . Post-operatively, areas of insensitivity should correspond to the cutaneous nerve territories, and recovery of digit sensation should begin within 4-6 months. In the case study reported, this technique resulted in discrete exclusive sensory patches of the ulnar and median nerve hand maps in the designated territories, with no overlap [30 •• ] . Interestingly, there was also no competitive reinnervation of denervated skin over the target muscles, where normal sensation of the arm skin was retained.
Similar end-to-end fascicular procedures have not been performed for the shoulder disarticulation level. However, the skin over the clavicle and superolateral aspect of the pectoralis major supplied by the supraclavicular nerve (C3-4) may be the easiest nerve to access given the surgical approach through an anterior supraclavicular incision [45] . Adding the intrafascicular technique to the end-to-side coaptation may assist with the specificity of reinnervation, but there is still potential interference of the underlying pectoralis muscle contraction. The proximal branch of the intercostobrachial cutaneous nerve could also be used as a target for sensory reinnervation at a shoulder disarticulation level, as the axillary skin area would be expected to cover the lateral aspect of the trunk following the amputation. Intercostal nerves (T1-12) supply the skin of the chest and abdomen in a segmental fashion [46] and these may be potential cutaneous targets, but further investigation is needed to investigate the feasibility of this approach.
Discussion: Sensory Reinnervation Outcomes
Given the small group of subjects with sensory reinnervation and noted individual variation, it is difficult to compare directly these three techniques with respect to potential effect on functional outcome. Outcomes reported include referred hand sensation mapping, sensory modality thresholds, and application of haptic devices for feedback in a virtual environment or with motor control of an experimental device. The results reported in the literature can be used as an illustration of the physiologic and preliminary functional outcomes for each approach. Physiologic Outcomes A wide range of sensory modalities has been restored in subjects with sensory reinnervation. This includes near normal touch, temperature, and pain sensation as determined by response to electrical stimulation [27 •• ] and vibration thresholds [29] , suggesting the regeneration of large mechanoreceptors as well as small diameter temperature and pain afferents. This extends to the ability to detect gradations in force at near normal levels [47] . Reinnervated skin grating orientation thresholds have been shown to be normal in comparison to control skin areas, and point localization thresholds increased [48] , which may reflect preservation of the large central processing region for the hand afferents. However, in addition to touch and pressure, some patients feel a dysesthesia or sensation that is altered in quality [21] . This outcome, which is common in other procedures that disrupt the sensory nerves, cannot yet be predicted or controlled.
In subjects having had traditional TR or end-to-side coaptation, there has been significant intermingling of the referred hand sensation with that of the native chest.
In both patients there were distinct areas of the chest where the regenerated arm sensation overlapped with the native chest sensation. The resulting sensation was not confusing to either patient; they simply reported feeling as though they were being touched in two different areas at once. [27 •• ] A large variability has been seen with respect to the somatotopy of the resulting hand map in the traditional TR procedure and the end-to-side coaptations [21, 27 •• ]. In general, there appears to be little control over which afferent fibers regenerate from the transferred nerves, and both subjects demonstrated more than one referred nerve distribution within their reinnervated territory [27 •• ] . In contrast, in the subject with the fascicular end-to-end technique, there is a fairly dense representation of only the volar aspect of the thumb, index, and middle fingers in the median reinnervated skin [30 •• ] . The degree of disorganization of the hand map may, therefore, be reduced by the end-to-end fascicular technique, as a single fascicle with high sensory content is more likely to be closely associated somatotopically [39, 49] compared to the afferent fibers of the entire nerve trunk competitively reinnervating the skin.
With respect to long term maintenance of sensory reinnervation, all subjects have been followed for over 1 year after amputation, and sensation has been stable for greater than 5 years post amputation in the first subject reported [27 •• ] . Therefore, it seems that the sensory pathways have been robust and are able to endure despite the lack of functional usage.
Functional Experiments: Haptic Devices
The ability to detect gradations in force using a haptic device has been tested with and without link to a functional task. In a force discrimination trial, the subject with sensation restored with the end-to-side transfer of the supraclavicular nerve was limited by the lack of available indentable skin in the region under the clavicle [47] . Those experiments did show an ability to detect force gradation, but this was not linked to a functional task.
In a virtual environment haptic feedback trial, somatotopically matched haptic feedback was able to enhance grip force control, but not task completion speed in subjects with the traditional and end-to-side sensory reinnervation [50] . Interesting findings in this study were that performance with single modality feedback was better than with multiple modalities, there was significant intra-subject variation, and not all types of stimulation were tolerated by both subjects. In addition, muscle site contraction interfered with the subject's ability to sense the tactile feedback, and could not be performed simultaneously. This may be the best rationale for the need to separate the target sensory areas from the underlying motor sites. It was also noted that the tactor did not deliver a ''realistic'' sensation. It is uncertain whether this was due to the use of the virtual environment versus a real world functional control task, or due to the alternating control/sense technique used by the subjects.
In the functional experiment with the subject with the fascicular end-to-end technique, a myoelectric robotic training tool that the subject controlled with native and reinnervated muscle sites was used as the testing platform [51] . This was done simultaneous to haptic touch and pressure feedback linked to the terminal gripper. It was noted that although the gripper did not resemble a typical prosthetic hand, the subject reported that the sensation of touching the ball with his own hand was quite strong. The subject was able to determine differences between stiffness of objects and was able to use the distinct somatotopy of two discretely innervated areas (median index digit and ulnar small digit) for object size identification [30 •• ] . The limitations of this study were that no control sites were used as comparison, and the inability to prove physiologic matching other than by patient report. However the results did demonstrate the ability to have dual flow of information (motor and sensory) in a simultaneous fashion within the residual limb.
It will be important in future sensory feedback experiments on sensory reinnervation that both modality matching and somatotopic matching be present, along with simultaneous motor control. This is reinforced by prior work that has shown the importance of sensorimotor coupling to intuitive control [52] .
Conclusions and Future Directions
There is a complex interplay between surgical approach, physiological outcome, and engineered devices to create a successful human-machine interface with sensorimotor function. The surgical goal is to maximize the control, spatial discrimination and specificity of the hand map with the widest range of discrete modality sensation.
Microsurgical approaches and application of peripheral nerve repair techniques have greatly advanced the understanding of reconstruction of the amputated residual limb, including the use of fascicular techniques [53 • ] . It is now possible to rebuild and reshape motor and sensory neural interfaces, in addition to the bones and muscle attachments. This is an exciting advancement in the creation of a functional human-machine interface, with dual flow of neural information. However, these techniques are still in their infancy and further work is needed to optimize the interface with newly reinnervated skin and sensory organs. Restoration of the rich median and ulnar hand sensory maps is a start-it provides a rich template on which to build the right interfaces. The sensory percepts studied in the TR literature focus on cutaneous sensation, but other modalities such as kinesthesia may be more reliably elicited in the skeletal muscle tendon unit, which may not require cutaneous reinnervation [54] . In addition, advancement in the longevity of neural interfaces may one day allow us to bypass the cutaneous end organ and go directly to the peripheral nerve interface [15] , in which case the selection of peripheral fascicles may be facilitated by SSEP fascicle selection.
Lastly, the importance of the rehabilitation and recovery process needs further exploration. Following the TR sensory procedure, it can take 4-8 months for initial sensation and up to 1 year for stable reinnervation to occur. We have yet to apply specific sensory reeducation techniques to sensory reinnervation subjects. Training sensory recovery and strengthening the embodiment response [55 • ] may improve the naturalness of sensation, cortical reintegration, and ultimate acceptance of the sensory input from the prosthetic device.
The quest to restore sensation from a prosthetic limb is part of a larger line of research to restore natural control and usage of the device. Motor control strategies are equally as important as restoring sensation, as only with the capacity to control dexterous hand motions can sensory feedback be fully utilized. It should be noted that currently, although there is no commercial product to provide an integrated sensory feedback device within a prosthetic socket, research is ongoing in this area. Several haptic devices have been released or are in development, and socket integration is being actively explored. Ongoing research into creating wearable, integrated sensory feedback sockets with prostheses is required. Using the neural interface of TR as a substrate may allow us to integrate this next level of technology.
